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Oxidation of defined antigens allows protein unfolding and increases both proteolytic
processing and exposes peptide epitopes which are recognized by specific T cells
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SUMMARY

The participation of oxidative mechanisms in major histocompatibility complex (MHC) class
II-restricted antigen presentation was studied in vitro. In general, antigen processing is inhibited
when peritoneal macrophages (M©) are incubated with scavengers of reactive oxygen intermediates
(ROI): mannitol (an -OH scavenger), dimethylurea (DMTU, which reacts with H,O, and HOCI)
and NCO-700 (an epoxysuccinic acid derivative which inhibits oxidant production by activated
phagocytes and can scavenge reactive oxygen species in both NaOCl and hypoxanthine (XOD)
systems). However, neither rotenone and antimycins (inhibitors of O; production at the NADH
dehydrogenase and ubiquinone-cytochrome b regions, respectively) nor aminoguanidine (an
inducible nitric oxide synthase inhibitor) impaired antigen presentation, thus indirectly discarding
the participation of mitochondrial oxidation and reactive nitrogen intermediates (RNI) in antigen
processing. ROI scavengers do not inhibit the MHC class II-restricted presentation of antigens
that need processing but have their disulphide bonds reduced. It can be shown that oxidation of
protein antigens (either by chlorination or performic acid treatment) allow protein unfolding and

enhance both processing and exposure of immunogenic epitopes to specific T cells.

INTRODUCTION

Although considerable work has been carried out in recent
years, the pathways involved in major histocompatibility com-
plex (MHC) class II-restricted antigen processing have yet to
be clearly defined. Experimental evidence points to the central
role of the endocytic pathway during antigen proteolysis and
further MHC-II and antigenic peptide encounters.’ A specific
compartment or several of them have been implicated in
antigen processing and interaction with MHC-II molecules.

It has been shown that unfolding of the native protein is
sufficient to bypass the need for proteolysis.> More recently,
research has indicated a role for thiol in stimulating the rate
of lysosomal degradation of disulphide-rich proteins. The
existence of a lysosomal transport system that delivers cysteine
from the cytoplasm to this compartment was first postulated
by Lloyd® and recently confirmed by others.* Several studies
showed the importance of lysosomes in the biochemical pro-
cessing of defined protein antigens — beef insulin A, hen egg
lysozyme (HEL) and bovine ribonuclease (RNAse) — and also
supported the hypothesis that disulphide reduction and low
pH can suffice for partially unfolded or structurally destabilized
proteins to bind MHC-II molecules.®”’

Proteolysis and the generation of reactive oxygen inter-
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mediates generation are biochemically linked processes. This
was deduced from the demonstration that oxidatively modified
proteins are the preferred substrates for proteolytic degra-
dation (for reviews see®°) and protease inhibitors antagonize
the burst of oxygen consumption as well as the resultant
production of O; and H,0,.1%!! This observation correlates
with the fact that intact cells exposed to oxidants exhibit
increased protein turnover rates.®*1213 However, the precise
mechanism of proteolytic processing of antigens is not fully
understood. For example, several lysosomal proteinases, par-
ticularly the cathepsin D, have been implicated in antigen
processing!*® but surprisingly, recent experiments with mice
genetically deficient for either cathepsin B or cathepsin D
show normal antigen presentation.!-*4

In this light it seemed of interest to examine the partici-
pation of oxidative mechanisms in antigen processing in vitro
by direct and indirect experimental approaches. In the present
study, we considered two independent strategies by which to
focus on this question: (i) blocking reactive oxygen intermedi-
ates by using defined inhibitors or scavengers; and (ii) in vitro
oxidation of defined protein antigens followed by tests of these
oxidized proteins for specific T-cell recognition using live and
fixed macrophages (M®) as antigen-presenting cells (APC).

MATERIALS AND METHODS

Mice
Five- to six-week-old female C5S7BL/6 and CBA/J mice, orig-
inally obtained from Jackson Laboratory (Bar Harbor, ME),
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were bred in our facilities. They were maintained under specific
pathogen-free conditions in our facilities housed under laminar
flow in microisolator cages and given sterile food and water
ad libitum. Sentinel mice were checked weekly for murine
viruses (Immunocomb, Charles River, Wilmington, MA) and
percentages of IA-positive peritoneal exudate cells.

General reagents

NalO,, NaOCl, H,O,, phorbol 12-myristate 13-acetate
(PMA), bovine superoxide dismutase (EC 1.15.1.1; SOD),
horse cytochrome c, horseradish peroxidase (EC 1.11.1.7),
B-nicotinamide adenine dinucleotide phosphate (NADPH)
and glutathione (GSSG), ferricytochrome C, phenol red,
sulphanilamide, naphthlylethylene diamine dihydrochloride
and phosphoric acid were purchased from Sigma Chemical
Co. (St. Louis, MO). Na,S,0;, formic acid and trifluoroacetic
acid (TFA) were from Merck (Darmstadt, Germany).
[*H]thymidine was from Amersham Iberica S.A. (Spain).
Murine recombinant interferon-y (IFN-y) was obtained from
Stratagene Cloning Systems (La Jolla, CA). All culture assays
were done in RPMI-1640 (RO medium) supplemented with
10% fetal calf serum (FCS), 2 mm L-glutamine and 50 pg/ml
gentamicin sulphate (R10 medium). All media and reagents
used were confirmed to be endotoxin free (<0-01 ng/ml)
by chromogenic limulus amebocyte lysate (LAL) microassay
from Whittaker M. A. Bioproducts (Walkersville, MD).

Radical scavengers and other inhibitors

D-Mannitol, 2-mercaptoethylamine (cysteamine), 1,3-dimethyl-
urea (DMU), 1,3-dimethyl-2-thiourea (DMTU), 3,3',4',5,7-
pentahydroxyflavone (quercetin), [2R-(2a,6aa,12aa)]-1,2,12,12a-
tetrahydro-8,9-dimethoxy-2-( 1-methylethenyl )-[ 1]benzopyrano-
[3,4-b]furo[2,3-h][1]benzopyran-6(6aH )-one (rotenone) and
antimycins A;-A, were from Sigma. Hydrazinecarboxi-
midamide hemisulphate (aminoguanidine) was from Cal-
biochem (San Diego, CA). Bis[ethyl(2R,3R)-3-[(S)-3-methyl-
1-[4-(2,3,4-trimethoxyphenyl-methyl ) piperazin-1-yl-carbonyl-
]Jbutylcarbamoyl]oxirane-2-carboxylate]sulphate (NCO-700)
was from Kamiya Biomedical Co. (Thousand Oaks, CA).
Quercetin was dissolved in alkaline solution and titrated to a
pH 7-2 maintained under nitrogen to avoid auto-oxidation.
DMU, DMTU and cysteamine were freely soluble in medium.
Rotenone and antimycins were dissolved in ethanol. Mannitol
was dissolved in hot phosphate-buffered saline (PBS).

Protein antigens and chemical modifications
Hen egg lysozyme (HEL), bovine a-lactalbumin (BLA), and
ovalbumin (OVA) were from Sigma and purified by fast
performance liquid chromatography (FPLC) using a mono Q
HR 5/5 column (Pharmacia, Uppsala, Sweden). For some
experiments, proteins were carboxymethylated as follows.
Approximately 10 mg of each purified protein were added to
a solution containing 8 M urea, 1M acetic acid buffered with
1 M Tris base containing 50 mM ethylene diamine tetra-acetic
acid (EDTA). After 1 hr incubation at room temperature, the
solution was diluted with H,O and adjusted to pH 5 with
acetic acid. Gaseous N, was bubbled through this for 15 min
with constant stirring and 100 pl of 2-mercaptoethanol were
added. The mixture was incubated at 40° for 60 min and then
dialysed with PBS at 4°.

Oxidation of proteins with performic acid was according
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to previously published protocols.!® Briefly, performic acid,
prepared by adding 0-005 ml of 30% H,O, to a solution of
20 mg of the purified protein in 0-2 ml of formic acid, after
30 min at room temperature had 10 ml of distilled water added
before solvent removal by lyophilization. Protein chlorination
was performed exactly as previously described:!¢ proteins at a
concentration of 2 mg/ml in 0-05 M phosphate buffer (pH 7-6)
were dialysed for 72 hr at 4° against 0-05 M phosphate buffer
(pH 7-6) containing NaOCl. HOCI concentrations for appro-
priate protein oxidation and subsequent optimal presentation
by fixed M@ were: 0-02-0-2 pmol/mg protein for OVA and
1-5 pmol/mg protein for both HEL and BLA. The ratio of
external to internal compartment volumes was 100: 1. Protein
chloramines and excess HOCl was removed by equimolar
concentration of Na,S,0;. The latter and its oxidation prod-
ucts were removed by further 24 hr dialysis against the same
buffer. Native protein controls were treated similarly to the
chlorinated proteins except for the NaOCl addition.

Measurement of ROI and RNI in MO

Production of O, was measured by the SOD-inhibitable
reduction of ferricytochrome C as described.!” Results are
expressed as nmol O, produced per mg of protein. H,O,
production was measured by a technique based on the HRPO-
dependent conversion of phenol red by H,0, into a compound
with increased absorbance at 600 nm.!” Results are expressed
as nmol H,0, produced per mg of protein. The generation of
nitrite (NO;) by M@ was determined by the microplate
method of Ding et al'® Results of unknown culture fluids
were expressed as nmol of NO; produced per well; which was
derived from a sodium nitrite standard curve.

Antigen-presenting cells, T-cell hybridomas and class II
restricted antigen-presentation assay

Concanavalin A (ConA)- or Listeria monocytogenes (LM )-
elicited peritoneal M@ (in these cases M@ were 60-95% IA ™)
were obtained as previously described.!*2° They were cultured
at 37° in 96-well tissue culture trays (Costar Cambridge, MA).
Paraformaldehyde-fixed and live M@ were used as APC. The
following T-cell hybridomas were used: 3A9 and 2A11 (specific
for HEL (52-61) IA¥).2' D6.37.3.20 (specific for an IAk-
restricted unidentified BLA peptide),?> and DOBW (specific
for OVA (323-339) IA®/IA?).2> Antigen presentation was
performed as previously described.?*

RESULTS

Effect of different ROI and RNI inhibitors on MHC class
II-restricted presentation

Selective inhibitors are extremely useful probes for characteriz-
ing target molecules or defining function, particularly when
the targets are critical in intracellular networks. The effects of
several putative scavengers on both ROI and RNI generation
as well as on HEL presentation by M@ to 3A9 cells were first
titrated over a large range of concentrations (Fig. 1) and ICs,
calculated in each case. The information obtained was: (i) com-
pounds that do not (DMU) or only moderately (quercetin)
modify antigen presentation and generally do not (DMU) or
only slightly (quercetin) depress ROI formation; and
(i) chemicals that clearly depress both ROI generation and
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Figure 1. Effect of scavengers and inhibitors on the generation of both oxygen and nitrogen intermediates as well as on antigen
presentation. Parallel sets of IAX-positive peritoneal M@ were assayed for H,0,, O; and NOj; production as well as for
presentation of HEL, in the absence or presence of the indicated reagents, as described in the Materials and Methods. Results are
expressed as the mean+SD of triplicate determinations. Values of HEL presentation are expressed as the percentage of response

with respect to the untreated control (100%). DMU, 1,3-dimethylurea; DMTU, 1,3-dimethyl-2-thiourea, ND, not done.

antigen presentation in a dose response manner (e.g. mannitol,
cysteamine, NCO-700, and DMTU). It is important to men-
tion that the M@ viability was unaffected by these scavengers,
neither at the concentrations tested, nor over the experimental
time course. However, experiments with scavengers were only
considered valid if the degree of inhibition produced correlated
with the rate constants for scavenger reaction with ‘OH. The
IC,, for O, and H,0, inhibition were 52-5 mM and 14 mmM for
mannitol and 536 pm and 66 um for NCO-700, respectively.
Cysteamine and DMTU only inhibited H,0,, at ICs, of
2-7mM and 55 pM, respectively. These specific scavengers
impaired the presentation of native protein antigens (mannitol,
IC5o=750 um; cysteamine, ICso=3:1 mm; DMTU, ICso=
8-72 um and NCO-700, IC5,=67-7 um). These data indicate a
better correlation of antigen presentation impairment with
H,0, release inhibition than with O5 inhibition (4-10 times
higher inhibitor concentration required to inhibit O; pro-
duction). In some cases, however, products of the cysteamine
reaction with oxidants may themselves exert deleterious bio-
logical effects.?> Natural bioflavinoids (e.g. chrysin, apigenin,
kaempferol, morin and myricetin) do not inhibit either antigen
presentation or ROI generation or only marginally (data not
shown). Although flavinoids scavenge hydroxyl, superoxide
and peroxyl radicals, this proposal may have been overinterpre-
tated (see 26 for a review on this issue). Only quercetin was
able to inhibit antigen presentation. However, it is known that
the ATP-binding site of PI-3-kinase is competitively inhibited
by quercetin and by LY294002, a quercetin-derived synthetic
analogue (ICso0=3-8um and 14 puM, respectively).?”?®
Interestingly, LY294002 and wortmannin, another specific
inhibitor of PI-3-kinase and PLD activation, also block antigen
processing in M@, but not in B cells or dendritic cells (16 and
unpublished observations).

Consequently, only the following were selected for further
experiments: mannitol (an -OH scavenger,??), DMTU (which
reacts with H,0, and HOCI,3*3!) and NCO-700 (an epoxy-
succinic acid derivative which inhibits oxidant production by
activated neutrophils and can scavenge reactive oxygen species

in both NaOCl and hypoxanthine-XOD systems,3?). Finally,
it is also of interest to point out the existence of a hierarchy
in antigen presentation inhibition that correspond exactly
to the order of impairment of H,0, production
(DMTU > NCO-700> mannitol ).

It is generally assumed that RNI are also triggered in
addition to the ROI generated with the respiratory burst.
Aminoguanidine, a inducible nitric oxide-synthase (iNO-syn-
thase) inhibitor®® only inhibited RNI generation as expected
(ICso=14 mM) and caused no effect on antigen presentation
(Fig. 1). This inhibitor did actually slightly stimulate HEL
presentation to 3A9 cells by unknown mechanisms.

ROI scavengers do not inhibit the MHC class II-restricted
presentation of antigens that need processing but have their
disulphide bonds reduced ’

As described above, processing of native protein antigens by
M@ is blocked by select radical scavengers. Whether these
inhibitors affected processing of a protein antigen when its
disulphide bridges are reduced was therefore studied. For this
experiment a T-cell hybridoma, 2A11?! was used, which does
not respond to CM-HEL when p-formaldehyde-fixed M@ or
chloroquine-treated M@ are used as APC, indicating that this
carboxymethylated protein requires intracellular processing
despite being unfolded.?! The experimental procedure was to
test both native and carboxymethylated antigen for processing
using untreated M@ and M@ treated with ROI inhibitors. As
expected (Fig.2), mannitol, DMTU and NCO-700 do not
inhibit processing by M@ of CM-HEL (lower panels) in
contrast to their blocking effect on the processing of native
HEL (upper panels). The fine specificity of the chemical target
is also illustrated: DMTU inhibited antigen processing whereas
a chemically related compound, DMU, was ineffective. This
dose dependent inhibition was reproduced with a BLA specific
T-cell hybridoma (D6.37.3.20 cells), which behaves as 2A11
(data not shown).
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Figure 2. ROI scavengers do not inhibit presentation of protein antigens that need processing but have their disulphide bonds
reduced. IAk-positive peritoneal M@ were cultured at 1 x 10° cells/ml with or without (R10) the indicated compounds at 10 and
100 uM (except mannitol which was tested at 5 and 20 mm) for 1 hr, washed, pulsed with different amounts of HEL (upper panels)
or CM-HEL (lower panels) concentrations (0—1000 pg/ml) for an additional 1 hr, washed again, fixed with 1% p-formaldehyde
and tested for presentation to 2A11 hybridoma cells, as described in the Materials and Methods. Results are expressed as the
mean +SD c.p.m. of [*H]thymidine incorporation of triplicate cultures.

Inhibitors of mitochondrial respiration do not inhibit antigen

Oxidation of protein antigens enhance their immunogenicity

presentation

The mitochondrial respiratory chain produce O, radicals at
two sites: flavoprotein NADH dehydrogenase and the ubiqui-
none-cytochrome b region.3* Very low concentrations of
rotenone and antimycins specifically inhibit O, production at
the NADH dehydrogenase and ubiquinone-cytochrome b
regions, respectively.>®> We have tested these same drugs, for
antigen presentation inhibition. Neither rotenone (up to 10 pm)
nor antimycins (up to 1 mMm) significantly decreased MHC
class Il-restricted antigen presentation. A representative
experiment is shown in Fig. 3.

Classically, the ability of phagocytes to kill pathogens has
been attributed to a wide variety of agents that are either
present in these cells or elaborated during phagocytosis (for
review see 36). One of these systems has attracted considerable
interest — the myeloperoxidase (MPO)-H,0,-Cl~ system.3’
Its toxic reactive product is HOCIL.3® It is, therefore, highly
probable that, this chlorinating system could contribute,
either alone or in combination with the proteolytic system,
to immunogenic peptide cleavage and efficient antigen
presentation.

To test this hypothesis defined proteins (HEL, BLA, OVA)
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Figure 3. Rotenone and antymicins, inhibitors of the mitochondrial respiration, do not inhibit HEL presentation to 3A9 cells.
IAk-positive peritoneal M@ (1 x 10® cells/ml) were cultured with varying concentrations of rotenone (0-10 uM) and antimycins
(0-70 pum) for 1 hr, washed, pulsed with HEL (0-1000 pg/ml) for an additional 1 hr, washed again, fixed and tested for presentation
to 3A9 hybridoma cells as described in the Materials and Methods. Results are expressed as the mean +SD c.p.m. of [*H ]thymidine

incorporation of triplicate cultures.
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were chlorinated and assayed in parallel with native proteins
for presentation to their specific T cells using both fixed and
live M@. As is shown in Fig. 4, chlorination enhances HEL
presentation by live M@ to specific T-cell hybridomas (left
panel). When paraformaldehyde-fixed M@, which can not
process native HEL, were used as presenter cells, activation
of Tcells was exclusively produced when the protein was
optimally chlorinated (right panel). Similar results were
obtained when other proteins (BLA, OVA), whether chlori-
nated or not, were tested for presentation to specific T cells
(data not shown).

To extend these observations, additional experiments were
performed using a different approach to oxidizing HEL.
Consequently, we used the Sanger’s method by which it is
possible to cleave the disulphide bridges in the protein molecule
(conversion of cysteine to cysteic acid residues), by the com-
bined action of H,0, and formic acid.!® Native or performic-
oxidized HEL were added to fixed or unfixed M@ and tested
for presentation to 3A9 hybridoma cells. As shown in the left
panel of Fig.5, performic-oxidized HEL was again more
efficiently processed by live M@ than native protein and only
performic-oxidized HEL was recognized by 3A9 cells when
M@ were prefixed with p-formaldehyde (right panel). An
additional experiment with BLA and specific T cells gave
similar results (data not shown).

In conclusion, it is suggested that the oxidation of the
native antigen not only improves processing, but also allows
direct recognition by the specific T cell in the context of IA
molecules on the surface of prefixed APC.

DISCUSSION

Radical scavengers can be used to abolish intracellular redox
processes in intact cell preparations or to block a defined
molecule whether involved or related. For this purpose we
first selected some inhibitors which were generally effective at
low concentrations, were non toxic, penetrated intact cells and
whose degree of inhibition correlated with antigen presentation
impairment. Accordingly, mannitol, DMTU (but not DMU)
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and NCO-700 impaired the presentation of native protein
antigens but were no inhibitory it when these proteins were
previously reduced and their free sulphydryl groups alkylated
to prevent refolding, forming carboxymethylated proteins.
Studies with NCO-700, however, must be interpreted with
caution, because the specificity of this scavenger is not absol-
ute.32 These observations suggest that ‘OH play a role in
protein unfolding at the level of the reduction of antigen
disulphide bonds and that -OH scavengers are ineffective when
carboxymethylated antigen (i.e. unfolded) was added. In
addition, our results also suggest that these scavengers are not
substantially active on proteolytic cleavage of our antigens.

On the other hand, the observation that antimycins and
low concentrations of rotenone do not impair antigen pro-
cessing was not surprising. It could indicate that these processes
are not dependent on mitochondrial oxidation. Our obser-
vations coincide with previous reports where it was suggested
that both peripheral blood monocytes and alveolar M@ depend
on oxidative phosphorylation for their energy supply whereas
neutrophils and peritoneal M@ do not.3*%°

Changes in the structure and function of individual proteins
can be determined by exposing purified proteins to radical-
generating systems, as well as to enzymatic and non-enzymatic
metal-catalysed oxidation reactions (reviewed in 9). Exposure
of proteins to ‘OH radicals leads to biochemical modifications
of some aminoacids and alteration of both secondary and
tertiary structure with excellent correlation between increased
hydrophobicity and degradation.!’!? In this paper proteins
were oxidized in vitro by chlorination'® or by the combined
action of H,0, and formic acid.!®> These procedures were
selected because they resemble in vivo reactions.

The HOCI or its dissociated form OCl™, is produced by
phagocytes as follows:

H202+C1_ —’OCI— +H20

this reaction being catalysed by myeloperoxidase (donor H,0,-
oxidoreductase).*! As a strong oxidant, OCl~, can react with
SH and NH, groups, thus modifying proteins. This reaction
is very fast (e.g. bacteria exposed to HOCI are killed within
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Figure 4. Chlorination of protein antigens enhances their immunogenicity but T-cell activation is dependent of the extent of the
oxidation. Left panel: live IAX-positive peritoneal M@ (1 x 10° cells/ml) were pulsed with increasing concentrations (0-1000 pug/ml)
of native or chlorinated HEL (HOCI-HEL; chlorination performed with 0-1 umol HOCl/mg HEL) for 1 hr, washed, and fixed.
Right panel: p-formaldehyde-fixed M@, incubated with the indicated HEL concentrations, chlorinated or not, and washed. M@
sets as described, were tested for presentation to 3A9 hybridoma cells. Results are expressed as the mean+SD c.p.m. of

[*H]thymidine incorporation of triplicate cultures.

© 1998 Blackwell Science Ltd, Immunology, 95, 314-321



Oxidation of defined antigens

_ Live MO

=—(O— HEL
250000 } =—@=— Performic-HEL

300000

319

Fixed M@

_O_ HEL
—@— Performic-HEL

200000

E
a
< 150000
£ 200000
]
[*]
Qa
5 150000 100000
£
£ 100000
h=]
E 50000
£ 50000
OI
0 0
0-1 1 10 100 1000 10000 0-1 1 10 100 1000 10000
Antigen (ug/ml)

Figure 5. Oxidation of HEL with performic acid increase proteolytic processing and exposes peptide epitopes recognized by 3A9
cells. Approximately 1x 10° cells/ml live peritoneal M@ (left panel) or p-formaldehyde-fixed M@ (right panel), pulsed with
increasing concentrations (0-1000 pg/ml) of native HEL or oxidized with performic acid (performic-HEL) for 1 hr and washed
(live cells fixed and washed). M@, then tested for presentation to 3A9 hybridoma cells. Results are expressed as the mean+SD

c.p.m. of [*H]thymidine incorporation of triplicate cultures.

milliseconds following addition of HOCI).*> Protein
sulphydryls are particularly sensitive to oxidation by HOCL
Tryptophane and methionine residues can be oxidized by
HOCI at concentrations as low as 10 pMm.** At least 30-40%
of the H,0, produced by stimulated neutrophils is converted
into HOCL,** hence local HOCI formation may well be in the
100 uM range, a concentration that largely exceeds the amounts
used for optimal protein chlorination in vitro.*® It was shown
that chlorination of OVA results in its enhanced immunogenic
properties.** In the present report we have also obtained
similar conclusions: chlorination of protein antigens allow
protein unfolding and enhances both processing and exposure
of immunogenic peptides to specific T cells.

However, several other oxidative reactions take place inside
the M@. Catalase, for example, besides catalytic activity,
oxidizes formic acid (an H donor).*> The hydrated electron is
a reducing radical which reacts rapidly with many aminoacids,
particularly histidine and oxidized cysteine. The formate rad-
ical ion, CO;, formed by the reaction of hydroxyl radicals
with formate

-OH + HCOO~ --CO; +H,0

is a more selective reducing species than the hydrated electron.
At pH 7 this radical reacts with disulphide bridges and other
aminoacids:*®

.CO5 +RSSR —-RSSR ™ +CO,

Unlike the hydrated electron, ‘CO; can only react with
accessible disulphide bridges because its size does not permit
diffusion into the inner regions of the protein structure. Pulse
radiolysis studies, for example, have shown that the disulphide
bridges in HEL are more accessible than those in RNAse.*’
This could also help to explain why immunogenic peptide
generation following disulphide reduction, with or without in
vitro enzyme digestion, is easier in HEL than RNAse.® We
have also demonstrated that performic acid treatment of
protein antigens increase both proteolytic processing and
exposes immunogenic peptides.

It should be noted that no aminoacid residue presented in
the epitopes HEL(52-61) or OVA(323-339) correspond to
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any of the main targets susceptible to HOCI attack or
performic oxidation (Trp and Met or Cys, respectively). In
summary, by direct and carefully controlled in vitro oxidation
of defined protein antigens (HEL, BLA, OVA) these oxidized
proteins can be clearly demonstrated not only to be better and
faster processed by M@, but also directly recognized by specific
T cells in the context of MHC class II molecules without an
intracellular step.

Control of the cellular redox state represents the main
regulatory pathways of free radical production. Much direct
and indirect evidence showed correlation between redox state
and protein degradation mechanisms (reviewed in 8,9).
Indirectly, antigen proteolysis can be regulated through the
activation of endogenous proteinase inhibitors.*® It was also
reported that after removal or inhibition of antioxidant mol-
ecules (GSSG, catalase) intracellular proteolysis is significantly
enhanced.*

Oxidative processes can occur inside phagolysosomal
organelles as well as extracellularly. The experiments described
here were not addressed towards whether antigen processing
- including potencial redox processes — is performed in a
particular intracellular compartment. Nevertheless, it is indeed
possible that this can occur inside intracellular vacuoles. It
should be taken in account, however, that organelle resistance
to oxidative stress is a function of the ability to degrade H,0,
into the acidic vacuolar compartment, the lysosomal mem-
brane resistance itself and the amount of redox-active, low
molecular weight iron available.?*>° These parameters vary
between both different and similar cells and between lysosomes
of individual cells*® making it difficult to study these processes
biochemically. Nevertheless, the results agree with those dem-
onstrating greater accessibility of antigen to proteases follow-
ing reduction of the disulphide bonds in lysosomes.>! When
all these redox enzymatic systems perform efficiently, other
enzyme systems (intracellular proteinases) acting as a second-
ary antioxidant defence, could take charge of the further
removal of oxidatively damaged antigens, which in turn are a
source of additional free radicals. This mechanism of disul-
phide bond cleavage by reduction and/or oxidation, oxidative
breakdown of the protein and enzyme proteolytic cleavage,
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whether sequential or simultaneous can operate in M@ and
other phagocytes acting as APC.

Hypothetically, it is also possible that an immunogenic
motif could be exposed in vivo by oxidants released at the
pericellular microenvironment caused by M@ themselves
or other neighbouring cells (e.g. neutrophils, eosinophils),
thus accelerating and/or amplifying the specific immune
response.’>*3 For example, chemically modified proteins
induced higher in vivo humoral response than the unmodified
protein.>* Since stimulated neutrophils chlorinate proteins in
vivo, this group proposed that they could take part in the
induction phase of immune response by facilitation of antigen
presentation.52-34

We can make two final observations. First, Kiipffer cells
and endothelial cells present antigen somewhat less effectively
in vitro than a control population of peritoneal M@.%
Interestingly, Kiipffer cells are deficient in their capacity to
release ROI (H,0, and O;) and to dispose intracellular
parasites normally in vitro, even following IFN-y exposure.*®
Whether or not these observations are related, was not evalu-
ated. Second, we were able to provide a clear evidence of
antigen processing and presentation functions for eosino-
phils.>” These cells, therefore, can be regarded not only as
phagocytes playing a pivotal role in allergic reactions, but also
in specific immune responses as efficient APC. Participation
of the powerful respiratory burst generated in these cells
compared to M@ in antigen processing remains also to be
elucidated.
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